Sangyod rice is the geographical indication product of Phatthalung province in Thailand. In this work, the stable isotopic fingerprint of Sangyod rice samples was investigated using isotope ratio mass spectrometry. A total of fifty rice samples collected from ten districts in Phatthalung were analyzed for stable isotopic composition (δ 13 C, δ 15 N and δ 18 O). The range of δ 13 C, δ 15 N and δ 18 O values in rice samples was − 28.41 to − 26.81, + 3.06 to + 8.31 and + 23.46 to + 29.46‰, respectively. The highest mean δ 13 C value was observed for rice samples from Tamot whereas the lowest value was found for rice samples from Si Banphot. δ 15 N was highest in samples from Si Banphot and lowest in samples from Khao Chaison. Kong Ra showed the highest δ 18 O value. Pak Phayun had the lowest δ 18 O. Most Sangyod rice samples from Si Banphot can be distinguished from other cultivation areas by a scatter plot of isotopic values.
Introduction
Rice is a staple food for more than half of the world's population including Thailand. There are more than one hundred varieties of rice in Thailand. Sangyod rice is the geographical indication product which it was originally cultivated only in Phatthalung province in the south of Thailand. Sangyod rice has hay-colored husk, while the brown rice is red to dark red in color within one grain, and the milled rice is a mixture of white and reddish pink in color. The grain shape is small. Sangyod rice is valued for its nutrient levels such as iron, vitamin B, niacin and antioxidants [1, 2] . Consumers are increasingly concerned for their health and they pay more for high quality food, especially rice because it is the major food for Thai. Therefore, the demand for Sangyod rice has increased and the price is higher than other local rice varieties. Whenever there is a price difference, there is motivation of fraud. The problem of adulteration by adding other rice and mislabeling of origin have been found for Sangyod rice. The rice variety and cultivation area are important factors in market price of rice [3] . DNA analysis has been successful to solve the problem of rice variety [4] . Stable isotopic composition has been applied to verify the origin of various foods such as meat [7, 8] , milk [9] [10] [11] , orange juice [12] , wine [13, 14] , vegetable oil [15, 16] , wheat [17, 18] and rice [3, 5] . Geographical origin of rice has been successfully determined based on multi-element and isotopic compositions [19] [20] [21] . Various methods including inductively coupled plasma mass spectrometry (ICP-MS), inductively coupled plasma high resolution mass spectrometry (ICP-HRMS) and isotope ratio mass spectrometry [5, 6] have been used to determine the origin of rice. However, no studies have been reported on stable isotope of Sangyod rice. Therefore, the database of genuine samples is earnestly required for the comparison with the unknown sample.
The objective of this work was to determine the isotopic compositions of authentic Sangyod rice samples collected from the paddy fields in Phatthalung. The isotopic compositions (δ 13 C, δ 15 N and δ 18 O) were measured by isotope ratio mass spectrometry (IRMS).
Theory
Variations in the natural abundance of stable isotopes are expresses using delta (δ) notation as shown in Eqs. (1) and (2) [22] .
where R sample and R reference are the absolute isotope ratios of the sample and reference material respectively. δ-values are commonly multiplied by 1000 so that they are reported in parts per thousand (‰ or per mil).
The isotope ratio is presented relative to the international standard, VPDB (Vienna Pee Dee Belemnite for δ 13 C, to nitrogen in air for δ 15 N and to VSMOW (Vienna Standard Mean Ocean Water) for δ 18 O.
Experimental

Standards
Standard reference materials of IAEA-CO-8, IAEA-LSVEC, IAEA-CH-7, IAEA-N-1 and IAEA-N-2 supplied by the International Atomic Energy Agency (IAEA; Vienna, Austria) were used to calibrate the isotopic composition measurement.
(1) Ratio (R) = abundance of heavy isotope∕abundance of light isotope
Sampling location
Fifty Sangyod rice samples were collected from ten districts (Bang Kaeo; BK, Khao Chaison: KC, Khun Khanun; KK, Kong Ra; KR, Mueang; MU, Pa Bon; PB, Pa Phayom; PPM, Pak Phayun; PPN, Si Banphot; SB and Tamot; TM) of Phatthalung in the southern part of Thailand in 2015, shown in Fig. 1 . Five samples were collected from each district.
Sample preparation
Rice grains (2-3 kg) were harvested directly from the paddy field to ensure their authenticity and provenance. The rice samples were air-dried at room temperature. All samples were dehulled to be polished rice or white rice and were ground by a mortar grinder (Pulverisette, Germany) to obtain a fine powder (50 μm). The rice powders were dried again in an oven at 60 ± 2 °C until constant weight and stored in polyethylene containers inside a desiccator until analysis.
Stable isotope analysis
For carbon and nitrogen, the powdered rice was weighed (3-4 mg) into a tin boat (4 × 4 × 11 mm). Then, each sample was analyzed by elemental analyzer/isotope ratio mass For oxygen, the powdered rice was weighed (0.3-0.4 mg) into a silver boat (4 × 4 × 11 mm). Then, oxygen isotope analysis was carried out by EA/IRMS (Isoprime, UK) using a pyrolysis mode.
The precision (± SD) of ± 0.1-0.3‰ was determined for δ 13 C, δ 15 N and δ 18 O measurements.
Results and discussion
Stable isotopic compositions in Sangyod rice samples
Isotopic compositions of fifty Sangyod rice samples measured by IRMS were shown in Table 1 . The range of δ 13 C, δ 15 N and δ 18 O of Sangyod rice samples were − 28.41 to − 26.81‰, + 3.06 to + 8.31‰ and + 23.46 to + 29.46‰, respectively. The δ 13 C values of all rice samples were found to be consistent with the range for plants utilizing the Calvin photosynthetic cycle, C3 plant materials, (− 22‰ to − 33‰) [23] . The δ 15 N value varied widely depending on soil nutrition and the chemical fertilizer used for cultivation. In general, δ 18 O of plant materials mainly reflects that of precipitation during cultivation period. Thus, the high δ 18 O value of Sangyod rice (+ 23.46 to + 29.46‰) may be reflected in the high δ 18 O value of precipitation.
Variation of isotopic compositions according to the cultivation areas
Carbon isotope compositions
The δ 13 C variation of the rice samples cultivated in different district was displayed in Fig. 2 . The highest mean concentration of δ 13 C was found for rice samples from Tamot (TM) with the mean of − 27.45 ± 0.36‰. The lowest mean value of δ 13 C was observed for rice samples from Si Banphot (SB) with the mean of − 28.05 ± 0.48‰. However, it was found that carbon isotopic composition alone cannot discriminate the district of rice origin.
Nitrogen isotope compositions
The δ 15 N variation of the rice samples cultivated in different areas was presented in Fig. 3 . Si Banphot (SB) had δ 15 N varied from 4.12 to 7.51 with the highest mean of 6.77 ± 1.48‰. Khao Chaison (KC) showed the lowest content of δ 15 N with the mean of 3.60 ± 0.41‰. The δ 15 N in plants can reflect the soil type in which the plant was cultivated. Generally, organic fertilizers increase δ 15 N content in soil and plants, whereas the utilization of artificial fertilizers decreases it [24] [25] [26] . Bateman and Kelly [27] reported that the δ 15 N values of the synthetic fertilizers in the compiled dataset fall within a narrow range close to 0‰ with 80% of samples lying between − 2 and 2‰ and 98.5% of the data having δ 15 N values of less than 4‰ (mean = 0.2‰ n = 153). The fertilizers that may be permitted in organic systems have a higher mean δ 15 N value of 8.5‰ and a broader range in δ 15 N values from 0.6 to 36.7‰ (n = 83). The studied result indicated that most rice samples from Si Banphot trended to cultivate under the condition with organic fertilizer. Artificial fertilizer was applied for rice cultivation in other districts. The finding is correlated with the information from the farmers in Si Banphot. Synthetic fertilizer and pesticide were not used in the paddy fields. The cultivation has been changed from chemical fertilizer to be organic fertilizer such as animal manure. However, the chemical fertilizer used for long period still be in the paddy soil in some area.
Oxygen isotope compositions
The δ 18 O variation of the rice samples cultivated in different district was presented in Fig. 4 . The highest mean δ 18 
Discrimination of cultivation area by X-Y scatter plots
It is difficult to discriminate between the cultivation origins within Phatthalung province from a single variable of isotopic compositions. An X-Y scatter plot was applied to discriminate the origin of rice based on isotopic compositions, shown in Figs 
Discrimination of cultivation area by principle component analysis (PCA)
Principal component analysis was performed on the stable isotopic composition based on 3 variables (δ 13 C, δ 15 N and δ 18 O) for classifying the origin of rice, shown in Fig. 8 . The PCA score plot showed most samples from Si Banphot (SB) can be discriminated from the other rice samples. However, the use of PCA in combination with the stable isotopic fingerprinting did not enable to discriminate the geographical origin of other rice samples. The obtained information of δ 13 C, δ 15 N and δ 18 O would be useful to be the characteristic of Sangyod rice in Phatthalung. 
